Abstract-Medium to long-distance underground ac lines and both short-and long-distance HVdc are frequently integrated into network expansion plans. In conjunction with growing numbers of power-electronic converters in the grid, there is a rising risk related to the effects of harmonic currents. Resonance analysis should therefore be part of power system expansion planning. In this paper, network harmonic modeling and analysis are discussed, in particular, power transformer and power converter frequency models are proposed. Frequency scanning and resonance mode analysis are compared and discussed. The changes in resonance response due to transmission network expansion are drawn. The methods are applied to the investigation of the impact of one link reinforcement, both ac and ac solutions, as well as the impact of the power transformer disconnection. The performed analysis enables finding the resonance location at each studied case. The frequency analysis methods presented in this paper enable forseeing network frequency behavior that is valuable for both network analysis and network expansion planning.
I. INTRODUCTION
T RADITIONALLY AC underground cables have mostly been used in urban areas and were limited to short distances. In recent interconnection projects, AC underground cables have become an increasingly reasonable alternative [1] . Newly proposed AC underground projects are longer than already existing ones [2] - [5] . Underground cables have an increased capacitance compared to overhead lines. The resonance frequencies of the power system may therefore be reduced which leads to overvoltages and consequently to the overheating of W. Sattinger is with the Swiss Transmission System Operator Swissgrid, Laufenburg 5080, Switzerland (e-mail: walter.sattinger@swissgrid.ch).
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The number of grid connected power electronic converters is increasing due to both HVDC lines and renewable energy sources. This applies e.g., to the integration of a wind farm into a power system [9] and to the interconnection of two islanded or weakly interconnected networks [10] . Despite their numerous advantages, power electronic converters introduce non-linearities and harmonics, which can be amplified by resonances in the grid. The secure operation of power systems therefore requires the assessment of system resonances and its harmonic behavior. The observed malfunctioning of MV and LV equipment located near a transmission substation in the Eastern part of the Swiss EHV system due to resonances [11] confirms the need for investigation of harmonics.
The harmonic modelling of overhead lines and underground cables for frequency analysis is described in [12] and [13] , [14] , respectively. The harmonic models of power transformers above 2 kHz should include the effects of stray capacitances. Three approaches to power transformer frequency modelling are discussed in the literature: "black-box", "grey-box" and "white box". The most used "black-box" model based on measured frequency response analysis (FRA) and on impedance analysis is discussed in [15] - [21] and [17] , respectively. A method to use commercial and low cost FRA devices is presented in [18] , the measurement based method is described in [15] and [22] . These methods are the starting point for the transformer model used in this paper.
The "white-box" model consists of lumped parameters calculated using the design information of the transformer. Such models are used for electromagnetic transients calculations. These methods are time consuming and the validation of these models is complex. In [23] , the author describes the development of a "white-box" model. Two methods of analysis for network resonances: Frequency Scan (FS) and Resonance Mode Analysis (RMA) are compared and applied to a part of the German power transmission system in [24] . The analysis of the resonance frequency shifts due to topology changes is discussed in [25] .
This paper describes an integrated method for the analysis of harmonics in AC-DC networks. It introduces a transformer model based on measurements and transformer parameters ("grey-box" model). With this model the frequency response of a power transformer can be calculated without all the measurements or all the design information needed to use "black-box" or "white-box" models respectively [21] , [26] .
The input filter and the control of power electronic converters are taken into account in the network admittance matrix elements. In this work, the VSC topology with Modular Multilevel Converters (MMC) is considered [27] . Due to the non-linearity of the MMC it is difficult to model the converter in a large frequency band. In this paper, the HVDC converter is represented by an equivalent admittance and a current source (Norton equivalent) [28] . This model based on the parameters of the passive components (filters) and the current control loop is accurate in the range below the converter switching frequency. In order to assess the converter influence above the switching frequency, the model is completed with an approximation of the harmonics generated by the non-linear voltage output form.
The objectives of this paper are to 1) present frequency models of important system elements, 2) analyze resonance behavior of power systems and 3) identify possible issues related to resonances in the existing expansion projects. In Section II, Section III and Section IV the network, power transformer and converter models are described. The applied methods are explained in Section V. In Section VI the transmission network (380/220 kV) analysis is presented. The frequency analysis results of a subtransmission network (125 kV) are illustrated in Section VII and conclusions are drawn in Section VIII.
II. LINE MODEL
The frequency dependent three-phase models for overhead lines (OH) underground cables (UG) implemented in this work are introduced in [12] and [13] , [14] , respectively. The OH line and the UG cable models are based on distributed elements and depend on the OH line and on the UG cable geometry, respectively. For the examples in this paper, the following assumptions are made for the transmission lines modelling: the same type and configuration of pylons is used for all OH lines of the same voltage level; characteristics of transmission line corridors are the same all over the power system; the UG cables are buried at the same depth on their entire length. The models include the following effects: frequency dependence of the line parameters, skin effect, long-line effect, line imbalances, and line transpositions.
III. TRANSFORMER MODEL
The standard "T" transformer model typically used in loadflow studies, is accurate at industrial frequencies (50 Hz and 60 Hz). For high frequencies, stray capacitances cannot be neglected. In the model proposed here, adapted from its application in distribution networks in [26] , the following stray capacitances are taken into account: across each winding, between the primary and secondary windings and between the primary winding and the neutral of the transformer. The per-phase models shown in Fig. 1 are connected according to the transformer's vector group (e.g., YNyn, YNd, Dyn).
Some of its elements can be determined by standard calculations using electrical characteristics of the transformer: the winding resistance and inductance, as well as the magnetizing branch resistance and inductance are determined by the rated voltages (V H V and V LV ) and apparent power (S N ), iron and copper loss (p I r and u C o ), relative short-circuit voltage (u sc ) and magnetizing current (i m ). Stray capacitances are estimated based on measurements of transformers similar to the studied transformer. The capacitance values are determined by parameter fitting and scaling on these measurements. This method is based on the assumption that the stray capacitances are almost proportional to the transformer rated power when the compared transformers are of similar designs. The resulting transformer model is thus classified as a "grey box" model.
The harmonic power transformer model consists of a frequency dependent coupling matrix between all phase currents and voltages:
Where
2) The transformers are assumed symmetric. Therefore, the transformer admittance matrix consists of only eight different elements:
The HV-side submatrix diagonal and off-diagonal admittances (y H V ,d and y H V ,o ), the LV-to-HV coupling submatrix (Fig. 1 ). The transformer characterization measurment method described in [21] was used. More information about the transformer modelling can be found in the Appendix.
For the application to a subtransmission network, three kinds of transformers with different rated powers (Tables I and II) are modeled and simulated. Their four diagonal admittance elements are plotted in Fig. 2 . As Fig. 2 . shows, the inductive behavior is valid up to frequencies of about 6 kHz. The stray capacitances induce a resonance which lies around this frequency. For higher frequencies, the transformer's behavior becomes increasingly more capacitive.
The "grey-box" model is compared with the standard inductive transformer model and the transformer model of Digsilent PowerFactory considering stray capacitances on the LV-side and on the HV-side, as well as a coupling capacitance between the LV-and the HV-side [29] . Fig. 3 shows the comparison of the admittances for the 125 MVA transformer used in this study. The largest difference between the "grey-box" model and the PowerFactory model is located around the resonnances. Indeed, the considered resistances in the "grey-box" model tend to damp the resonnance peaks. The results differ especially at the frequencies above the resonances for the HV-side admittance due to the modeling diffrerences.
In order to validate the developed "grey-box" model, measurements of a 25 kVA transformer (400 V, Dyn5) were taken in the authors' laboratories. The comparison of the transformer measurements and transformer "grey-box" model is shown in Fig. 4 .
IV. MODULAR MULTILEVEL CONVERTER MODEL
The topology of an MMC is shown on Fig. 5 . Each arm of an MMC is a series connection of multiple sub modules (Half-Bridges or H-Bridges). An output voltage with a nearly sinusoidal waveform is obtained as illustrated in Fig. 6 . Using a high number of modules permits to achieve high power transfers with a better voltage quality compared to a two level inverter. The voltage harmonics are calculated and included in the model using the generalized Fourier series of a stairstep waveform [30] :
where ΔV is the average sub module voltage, n is the number of submodules connected and θ x is the respective switching angles. The harmonics (Fourier coefficients) generated by an MMC converter are used as a perturbation signal in the form of U harm injected in the control loop. The DC transmission line is considered ideal and the capacitors on each sub module are considered balanced. Thus the DC circuit does not appear in the proposed MMC model.
Below the grid side apparent switching frequency the converter can be linearized and represented by a Norton equivalent circuit [28] . The current control loop includes the passive filter, the regulator parameters and the measurements bandwidth. Fig. 7 shows the simplified model of the MMC current control loop.
Since the current control is executed in the synchronous frame (dq frame) and the model is applied to the stationary threephase frame, the current control has to be modified according to [31] . The converter output current in function of the controller parameters and output impedance becomes: Where G u is the voltage measurement feedforward transfer function and is represented by a simple first order filter. G C i is the current PI-controller transfer function. Z RL is the MMC passive output impedance. U har is the sum of all harmonic voltages generated by the MMC (stairstep waveform). Appendix B contains more information about the computation of I AC . The MMC can therefore be modelled by an admittance and two current sources according to Fig. 8 .
Unlike existing models, the developed MMC model is valid for frequencies above the switching frequency. This model includes the influence of the MMC switching pattern on the control loop.
The admittance Y conv , derived in the Appendix, is frequency dependent and has a matrix form:
Y conv can therefore be integrated into the frequency analysis.
V. METHODS FOR RESONANCE ANALYSIS

A. Frequency Scan
This method consists in an analysis of the variations in impedance at each node of the power system as a function of frequency. The nodal impedance is the corresponding diagonal element of the nodal impedance matrix [13] . This method is useful to investigate a network nodes resonance response and to determine the necessity for filters.
B. Resonance Mode Analysis
Another method applied when investigating the frequency characteristics of the power system is Resonance Mode Anal- ysis (RMA). This method is based on eigenanalysis and permits to determine impedances in the modal coordinate system. The nodal impedance matrix is transformed into the modal impedance matrix. The diagonal elements of the modal impedance matrix characterize the network resonance behavior and are called critical modal impedances. RMA is described in [32] where the authors discuss the characteristics of the eigenvalues in terms of the detection of the nature and extent of the resonance. In addition to highlighting resonances, this method also indicates an origin for this resonance. It can therefore provide necessary information for filter placement.
VI. 380/220 KV TRANSMISSION NETWORK RESONANCE ANALYSIS EXAMPLE
A. Network Description
The initial network of 193 nodes and 258 lines, and the expanded network of 199 nodes and 262 lines are modeled in this work. A single line diagram of the part of the initial and the expanded network configurations are shown in Figs. 9 and 10 , respectively. These figures show that the network will undergo noticeable modifications.
First of all the 220 kV network is replaced by a 110 kV network that contains four power lines: two underground cables and two parallel overhead lines. To connect the 110 kV network to the 380 kV network two parallel power transformers are installed (380/110 kV). In the initial configuration the active filter is installed on the 11kV tertiary winding of the 380/220 kV transformer. Since the 220 kV network is replaced by 110 kV, the filter will be relocated to the low voltage side of the 110/16 kV power transformer connected to the node 3.
To prevent the adverse influence of network resonances, the consequences of these changes on power system resonance behavior are investigated. 
B. Consequences of the Network Expansion on Resonance Response
The results of the frequency scans for the initial and the expanded network configurations for the nodes close to node 3 are presented on Figs. 11 and 12, respectively. All the results are shown for one phase. The initial network configuration leads to high resonances at node 3, at both 380 kV and 220 kV voltage levels.
In the expanded network configuration nodes 4_1B 380 kV, 4_1C 380 kV, 5_1A 380 kV and 5_1B 380 kV play an important role in terms of resonance since these three nodes have the highest impedance amplitudes at the studied frequency. On the other hand node 3, both 380 kV and 110 kV, is not significantly affected or contributing to resonances. In other words, their impedance amplitudes are low. Thus, modifications in the network configuration lead to the significant changes in the network resonance behavior.
VII. 125 kV SUBTRANSMISSION NETWORK RESONANCE ANALYSIS EXAMPLE
A. Network Description
The models and methods introduced in the previous sections will be applied to an illustration example: the considered transmission (220 kV) and subtransmission (125 kV) networks of the Geneva region (71 nodes and 78 lines) are presented in Another example studied is the outage of the 220 kV / 125 kV coupling transformer at node 38. (cf. Fig. 12 ). In this situation, the power flow would be mostly transferred to the new line.
The impact of an AC or an HVDC link integrated between weakly connected nodes as well as the disconnection of the power transformer is analyzed in the following section. Fig. 15 shows the frequency scan results for the four studied network variants. The example illustrates that the study of frequency scans for each node impedance is not straightforward. RMA results are used in order to identify relevant resonance modes and contributing nodes. The RMA results comparison of the initial network simulated using the proposed "grey-box" transformer model and standard inductive transformer model are presented in Fig. 16. Figs. 17-19 illustrate the cases of either an AC or an HVDC link as reinforcement in comparison to the current network. The comparison of an AC and an HVDC link reinforcement is presented in Fig. 20. Fig. 21 shows the RMA results of the current network and disconnected transformer at node 38 and the network with an HVDC link reinforcement and disconnected transformer at node 38. The RMA results comparison of all studied cases is presented in Fig. 22 .
B. Analysis of a Link Reinforcement Impact
In all the cases discussed in Section VII-A. above, there are no considerable changes up to 2000 Hz. Above this frequency, frequency response undergoes significant changes. The three highest node participation factors of the first resonance peak are presented in Table III . In all the studied cases the nodes participation in this resonance is similar. The last studied case however exhibits a difference. Node 1's role in this resonance is lower than in the other cases. Node 4's participation is increased compared to other studied cases. The considered reinforcements lead to resonance peaks vanishing, additional peaks appearance, resonance amplitude decrease or increase and/or peaks shift. In the case of the AC reinforcement the amplitude of the resonance peak is increased at for example 4356 Hz and 6646 Hz and is increased at for example 2250 Hz and 7566 Hz compared to the current network. A new resonance peak appears at 2829 Hz. Table IV shows some remarkable changes in the studied networks resonance behavior. The resonance peak amplitude at 7568 Hz is slightly decreased in the case of the AC reinforcement and significantly increased for HVDC reinforcements compared to the current network case. The power converters have a significant influence on this resonance peak. The resonance peak amplitude has the highest value in the network with an HVDC link reinforcement and disconnected transformer at node 38. The nodes participation factors at 7568 Hz are shown in Table V . The nodes with the highest participation factors of all reinforcement cases are similar to each other but different from the current network.
The resonance amplitude at 7568 Hz is affected by the changes in the network because nodes 12, 13 and 27 (highest PF) are close to nodes 6 and 38 where the AC or HVDC link reinforcement is placed and the transformer is disconnected (node 38). All the changes in the network close to these nodes will therefore have a great impact on the resonance at 7568 Hz.
VIII. CONCLUSION
In this paper, the "grey-box" power transformer model is compared to the standard inductive power transformer model by implementing RMA on the subtransmission network. The results show that the use of the "grey-box" transformer model leads to remarkable changes in network frequency response. The capacitive coupling influences the power transformer frequency behavior and cannot be ignored in network studies for frequencies above 2 kHz.
Transmission network studies show how changes in several lines and voltage levels affect the network resonance. On the subtransmission network example, the impact of a new transmission line is illustrated. There are no significant changes in the frequency scan and RMA results up to 2000 Hz. However, above this frequency there is a deviation in network resonance response. It is also shown that a disconnection of a power transformer modifies the network frequency response. It is shown that reinforcements can change resonance nodes share. The reinforcements' impact on resonance frequencies and amplitudes is correlated with the nodes' participation factors. The resonance at a given frequency is affected by the network changes if the nodes that are close to the expanded area have high participation factors.
The performed frequency analysis permits to predict the resonance behavior of any power system, e.g., various network expansion projects. The attenuation or amplification of a demand control signal can be assessed by analyzing the network impedances at the carrier frequency.
The presented network frequency analysis permits the identification of the nodes that have great influence on resonance. This study yields valuable information to estimate the necessity and best location of a harmonic filter. The "grey-box" model ( Fig. 1 ) parameters (resistances, inductances and capacitances) are adjusted based on the measurements found in [33] . In order to compare the "grey-box" model results with the found measurements, the positive and zero sequences shortcircuit tests are simulated in Matlab/Simulink (Fig. A1) .
The data used for the parameter identification corresponds to a 50 MVA, 115/23 kV, Dyn-coupled power transformer [33] . The transformer characteristics are interpolated based on the values given in [34] : the magnetizing current i M (0.39%,), the iron losses p Iron (0.067%), the short-circuit power u sc (11%) and the copper losses u C o (0.43%) are considered. Using these characteristics in short-and open-circuit calculations, the leakage inductance L L (1.9 mH) and resistance R L (22.7 mΩ) (from the LV side point of view) as well as the magnetizing inductance L M (657 H), and resistance R M (1.18 MΩ) (from the HV side point of view) are determined. The leakage inductance and resistance are equally shared between the LV-and HV-side (50% on the LV-side and 50% on the HV-side).
The inductance of each transformer side is then split between the two RLC circuits to match the low frequency impedance measurements for the both positive and zero sequence (Fig. A2 ). This way, the following values are determined: RLSL = 22.7 mΩ, RLSH = 1.7 Ω, LLL1 = 0.37 mH, LLL2 = 1.48 mH, LLH1 = 75 mH and LLH2 = 63.9 mH.
The remaining capacitances and resistances are heuristically assumed in order to match the model results and the measurements. The following values have been found: the first LV-side RLC circuit capacitance CLL1 = 671 nF and its corresponding resistance RLL1 = 4.77 Ω, the second LV-side RLC circuit capacitance CLL2 = 3.4 nF and its corresponding resistance RLL2 = 6.7 kΩ. These adjustments are based on the following qualitative considerations: − According to the measurements, at frequencies up to 3 kHz, the transformer impedances mostly depend on the resistive and the inductive elements; − The resonance peak frequency behaves similarly to the resonance frequency of a single LC element f res = 1/2 · π √ LC; − According to the measurements, at frequencies above 500 kHz, the transformer impedances mostly depends on the capacitive elements. The first HV-side RLC circuit capacitance CLH1 = 8 nF and its corresponding resistance RLH1 = 3.7 kΩ, the second HVside RL circuit resistance RLH2 = 6.1 MΩ are estimated based on the same method as for the LV side. Finally, the LV-and HV-sides coupling resistance RCHL (41 MΩ) and capacitance CCHL (0.33 nF), the magnetizing capacitance CM (1.73 nF) and the HV-side to neutral coupling resistance RCHN (421 Ω) and capacitance CCHN (0.46 nF) are also heuristically estimated based on the comparison between the model results and the measurements.
2) Grey-Box Model Integration: The characteristics of the power transformers considered in this study are different (Table I ) from the presented above and frequency measurements are not provided for these types of transformers. Therefore, all parameters of the measured transformer (u sc, , i M , p Iron , and u C o ) determined above (Appendix A. 1) have to be scaled. All parameters determined based on the electrical characteristics (RLSL, RLSH, LLL1, LLL2, LLH1, LLH2, RM and LM ) are scaled by short-and open-circuit calculations. For the remaining parameters (RLL1, RLL2, CLL1, CLL2, RLH1, RLH2, CLH1, RCHL, CCHL, CM, RCHN and CCHN ), the scaling ratio is considered to be the same as the rated power ratio. The integration of the "grey-box" model into the power system analysis is done by running the coupled Simulink schemes to determine all the admittance matrix elements.
3) Future Work: The use of the frequency measurements of a transformer type close to the studied transformers would improve the method accuracy by avoiding the up-scaling process. 
The current controller G C i (s) is a proportional-integral (PI) in the synchronous frame represented in the stationary frame as developed in [30] and described below:
Where 
Developing the above equation leads to (6) , where the coefficients are:
with (A8) as shown at the top of the next page.
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